The complete nucleotide sequences of two bacteriocin-encoding plasmids isolated from Hafnia alvei (pAlvA and pAlvB) were determined. Both plasmids resemble ColE1-type replicons and carry mobilization genes, as well as colicin-like bacteriocin operons. These bacteriocins appear to be chimeras consisting of translocation domains from Tol-dependent colicins, unique binding domains, and killing and immunity domains similar to those of the pore-forming colicin Ia. Just as is found for colicin Ia, these H. alvei bacteriocins (alveicins) lack lysis genes. The alveicins are unusually small at 408 and 358 amino acids for alveicin A and B, respectively, which would make alveicin B the smallest pore-forming bacteriocin yet discovered. The pattern of nucleotide substitution in the alveicins suggests that the dominant forces in the evolution of their killing domains and immunity genes are neutral mutation and random genetic drift rather than diversifying selection, which has been implicated in the evolution of other colicins. Five of six bacteriocinogenic isolates of H. alvei were found to carry plasmids identical to pAlvA. Comparisons of the levels of nucleotide divergence in five housekeeping genes to the levels of divergence in their respective plasmids led us to conclude that pAlvA is transferring laterally through the H. alvei population relatively rapidly.
Bacteriocins are protein toxins produced by bacteria that kill their closest relatives (28) . The most extensively studied bacteriocins are the colicins, which are produced by Escherichia coli. Colicins are archetypical of a large subfamily of bacteriocins found primarily in the family Enterobacteriaceae. One of the defining features of colicin-like toxins is that they are composed of three (apparently independent) functional domains: a central binding domain that recognizes and adheres to specific receptor sites on the surfaces of target cells, an amino-terminal translocation domain responsible for entry into the cell, and a carboxy-terminal killing domain that actually kills the cell (9) .
Colicins are classified according to the nature of either the translocation or killing domain. Translocation domains are divided into two groups based on the cellular machinery necessary for their entry, the group A, or Tol-dependent, and the group B, or Ton-dependent, transport systems (2, 10) . Killing domains fall into three groups based on the mode of lethality (3) . The nuclease group includes colicins that degrade DNA, rRNA, or tRNA. The pore former colicins kill by the formation of voltage-gated channels in the cytoplasmic membrane. The third group contains colicins that affect the peptidoglycan cell wall.
Colicin operons typically contain three genes: the toxin-encoding gene; an immunity gene, whose product specifically binds to and confers protection against the encoded toxin; and a lysis gene, whose product contributes to the release of toxin into the environment. The operons of all nuclease colicins and most pore formers contain a lysis gene. Some pore formers, such as colicins Ia, Ib, and B, do not have an identifiable lysis gene in the operon (13, 19, 36) . These pore former colicins reside on high-molecular-weight plasmids, and it has been hypothesized that they possess genes involved in colicin release elsewhere on the plasmid (37) .
The driving force behind colicin evolution appears to be positive selection for an altered killing spectrum. This can be achieved by altering either the translocation or binding domain, so that new target cells are recognized, or the killing domain, so that formerly immune cells are killed. Several studies have examined colicin evolution in an effort to deduce the relative roles of recombination, positive selection, and genetic drift as mechanisms for generating diversity in colicin-like bacteriocins (3, 23, 24, 34) . Analysis of these mechanisms is often hampered by the lack of flanking sequence data for the plasmid carrying the colicin operon. Well over 25 plasmid-encoded colicin-like bacteriocins have been sequenced; however, in only eight cases has the entire plasmid sequence been determined.
In this study, we have determined the complete DNA sequences for two closely related Hafnia alvei bacteriocin plasmids, which allows us to examine how both intragenic and intergenic recombination have shaped the bacteriocin operons. These colicin-like bacteriocins appear to be chimeras consisting of translocation domains from Tol-dependent colicins, unique binding domains, and killing and immunity domains similar to those of colicin Ia. Just as is found for colicin Ia, these H. alvei bacteriocins (alveicins) lack lysis genes. The patterns of nucleotide substitution in the alveicins suggest that neutral mutation and random genetic drift rather than diversifying selection are the dominant forces in the evolution of the killing domains and immunity genes.
MATERIALS AND METHODS
Strains, plasmids and culture media. The bacteriocin-producing and -sensitive strains of H. alvei used in this study are from a collection of environmental enteric bacteria isolated from wild Australian mammals (5) . Information about the strains, including the geographic origins and hosts, is given in Table 1 .
(Promega) was used as a host strain for cloning bacteriocin gene clusters into the phagemid pBluescript II SK(ϩ) (Stratagene). Cells were cultured in Luria broth (LB) (Sigma) or on LB agar plates with the addition of ampicillin (50 g/ml) where appropriate.
Bacteriocin production assays. Two standard methods were used to verify bacteriocin production. The first is a lysate-based method (21) , which was originally used to identify bacteriocinogenic strains in the culture collection (26) . The second assay method (the chloroform vapor method [21] ) was used for screening plasmid libraries for bacteriocin production.
Cloning strategy. Total DNA preparations from strains MISC259 and MISC690 were made using the method of Maloy (11) modified as follows. Instead of recovering the DNA via centrifugation, the precipitated DNA was spooled onto sterile Pasteur pipettes and washed by dipping the spooled DNA in 70% ethanol for 30 s. The DNA was then resuspended in 200 to 300 l of Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) overnight at 4°C. We have found that this method extracts both high-and low-molecular-weight plasmids, as well as genomic DNA.
The DNA was partially digested using Sau3AI (New England Biolabs) and cloned into the BamHI site of pBluescript II SK(ϩ) using standard protocols (12) . Ligation reaction mixtures were desalted by extracting them three times with 1 volume of chloroform and were then electroporated into NM522. Transformants were selected by plating them onto LB agar containing ampicillin and were then screened for killing activity as described above.
Sequencing strategy. Clones that demonstrated killing activity were sequenced by primer walking starting at the SK and KS vector-priming sites located in the multiple cloning site of pBlueScript II SK(ϩ). Sequence data from the primer walking was then used to design PCR primers to probe the other bacteriocinproducing H. alvei strains. A total of six bacteriocin plasmids were sequenced.
PCR mixtures (50 l) were prepared with 1.25 U of Taq polymerase (Applied Biosystems), 1ϫ Taq polymerase buffer (10 mM Tris-HCl [pH 8.3] , 50 mM KCl, 1.5 mM MgCl 2 ), 0.2 mM (each) deoxynucleoside triphosphate, 0.2 M (each) primer, and 2 l of template DNA from a boiled cell suspension.
PCR products were purified using the QIAquick PCR purification kit (Qiagen). Plasmid to be used as a sequencing template was prepared using a Qiagen plasmid minikit. DNA sequencing was performed on the ABI 377 DNA sequencer. Fifty to 100 ng of purified PCR product, or 400 to 500 ng of plasmid template, was added to sequencing reaction mixtures, and sequencing was performed using Big Dye chemistry according to Applied Biosystems standard protocols.
Sequence analysis. The entire DNA sequences of pAlvA and pAlvB were queried against the National Center for Biotechnology Information nonredundant database using both the nucleotide-BLAST (blastn) and translated-BLAST (tblastx) programs.
For each gene tree, a protein sequence was inferred from the DNA sequences and a protein alignment was produced using the CLUSTAL W algorithm (35) in MegAlign version 4.05 (Dnastar, Inc.). The protein alignments were then converted back to DNA alignments for phylogenetic inference. Maximum-likelihood trees were inferred using PAUP version 4.0b8 (32) . Optimized parameters for the heuristic algorithm used for building maximum-likelihood trees in PAUP were generated by the MODELTEST program version 3.06 (18) . Statistical support of the branch points was tested by performing 1,000 maximum-likelihood bootstrap replications using PAUP version 4.0b8.
A sliding-window sequence comparison was done between the aligned sequences of pAlvA and pAlvB using the ARCADIA program (http://www .yale.edu/turner/people/jwertz). The comparison calculated the percent sequence identity, considering gaps as mismatches, across a sliding window of 40 bp with a step size of 1 base. The same software was used to examine the levels of synonymous and nonsynonymous substitutions per site in the bacteriocin and immunity genes of closely related pairs of bacteriocins. For this analysis, sites containing gaps were removed from the alignment. The step and window sizes were 1 and 40 bases, respectively.
Nucleotide sequence accession numbers. The GenBank accession numbers for the plasmid pAlvA and pAlvB sequences are AY271828 and AY271829, respectively.
RESULTS AND DISCUSSION
The bacteriocin-producing isolates used in this study were identified in a survey of enteric isolates from wild Australian mammals (26) . Of the 42 H. alvei isolates screened for a killing phenotype against a total of 396 isolates from seven enteric species, 7 were originally designated as bacteriocinogenic. It was later determined that the killing phenotype of one of those strains was due to a temperate bacteriophage. Two different killing phenotypes were found in the six remaining bacteriocinproducing Hafnia strains. Following the standard naming convention for colicins, we have designated the colicin-like operons that encode these two phenotypes alveicins A and B. Likewise, the plasmids that encode the alveicins are named pAlvA and pAlvB, respectively.
Killing spectra of alveicins A and B. Table 2 lists those enteric isolates of the 396 tested that were killed by either alveicin A or B. Of the seven enteric species tested, only H. alvei isolates (11 of 40 tested) were sensitive to these alveicins. The killing spectra of alveicins A and B overlap to a large degree, with each toxin killing 9 of the 11 sensitive isolates. Mitomycin C induction resulted in increased toxin release from strains carrying either alveicin plasmid. The levels of toxin production of alveicin A-producing strains varied, with strains MISC230 and MISC259 consistently producing the most potent lysates. No difference in the killing spectrum of alveicin A was observed when it was cloned and expressed in E. coli. The relative sensitivities of isolates listed in Table 2 are valid only for the comparison of different strains to the same alveicin. No attempt was made to quantify the specific activities of the alveicins, so the killing strength is not relatable between groups.
Plasmid pAlvA and pAlvB sequences. Plasmid pAlvA is 5,113 bp and 46.18% GϩC and was sequenced from five of the six H. alvei strains examined (Table 1) . Plasmid pAlvB is 5,216 bp and 46.97% GϩC and was isolated from strain MISC261. 
a Ϫ, no killing; ϩ, weak killing; ϩϩ, strong killing.
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The pAlvA sequence is numbered starting at the unique EcoRI site in the presumptive exc2 gene, which was identified by sequence similarity to the ColE1 gene of unknown function by the same name. To facilitate comparison, the pAlvB plasmid was numbered from the same location, even though the EcoRI site has been altered by a single base substitution. The two plasmids have very similar structures, as can be seen from their maps in Fig. 1 . Through sequence comparisons with characterized plasmids, we have predicted the existence of seven protein-encoding genes in each of the alveicin plasmids. The location and relative orientation of each gene is given in Table  3 . The overall nucleotide sequence similarity of the two plasmids is 86.5%. Differences between the two plasmids are not evenly distributed but are largely concentrated in two regions (Fig. 2) . One region of elevated divergence falls within the toxin-encoding genes and strongly suggests that the binding domain and perhaps part of the translocation domain have been replaced in a recombination event in one of the plasmids. The second region of high divergence between the plasmids is the result of either the insertion in pAlvB or the deletion in pAlvA of 241 bases in the intergenic sequence between the bacteriocin operon and a cluster of mobilization genes. Plasmid maintenance functions. Five of the seven predicted open reading frames (ORFs) encode plasmid maintenance functions. Table 3 lists the location, size, and both the protein and nucleotide sequence similarities for each of the encoded genes. Overall, the plasmid backbone resembles a colE1-type plasmid with putative promoters identified for RNAs I and II (Table 3) . It was not possible to precisely predict the vegetative origin of replication because of the high degree of sequence divergence between these plasmids and known colE1-type plasmids in this region.
Plasmid organization. The relative orientations and positions of the alveicin operons in relation to the plasmid origins of replication are different from those found in other colE1-like colicin plasmids. All of the colicin and colicin-like plasmids that have been previously completely sequenced (colA, colD, colJs, cloDF13, colY, colE1, kleb B, and pesticin) have the same genetic organization with respect to the plasmid origin of replication. These colicin and colicin-like operons are positioned so that the colE1 origin of replication is immediately downstream of the colicin gene cluster, and the colicin toxin gene is transcribed in the same direction as the RNA II primer, which initiates plasmid replication. In the case of the alveicin plasmids, both the location and the orientation of the bacteriocin gene cluster differ from the norm. The exc2 ORF is located between the origin of replication and the alveicin A and B operons, which are transcribed in the opposite direction from the RNA II primer (Fig. 1) .
Analysis of bacteriocin operons. The regulatory regions of the alveicin A and B operons are typical of those found in most colicin-like plasmids. This similarity allowed us to infer the location of a 70 promoter sequence, a LexA binding site, and a ribosome-binding site. The Ϫ35 and Ϫ10 sites of the promoter are located 106 and 83 bases upstream of the start codon, respectively. SOS control of the alveicins is likely mediated through the two overlapping LexA binding sites occupying the region 72 to 38 bases upstream of the first translated base. Sequence consistent with a ribosome-binding site is located 14 bases upstream of the start codon.
The alveicin operons both have the same organization. The immunity gene is located downstream of the toxin gene and is transcribed in the opposite direction, which is the case in all pore-forming colicins. Conspicuously absent is an ORF resembling a lysis gene. Colicin lysis genes, when present, are almost always located downstream of the immunity gene and are transcribed in the same orientation as the toxin gene. Lysis genes are quite small, ranging from 132 bp for colicins K, 5, and 10 to 198 bp for the colJs lysis gene (17, 30) . There are 112 bp between the immunity gene and mobA in pAlvB and 355 bp between the same genes in pAlvA. A BLAST analysis of the 241-bp insertion in this region revealed sequence similarity to the mob region of pColD157 (6) . In pColD157, the mob genes are situated on the 5Ј end of the colicin operon, with the lysis gene found on the 3Ј end of the gene cluster. It is therefore unlikely that either of these alveicins contains a lysis gene.
Alveicins evolved via recombination rather than diversifying selection. Recombination has been shown to be an important force in colicin evolution, both through domain swapping within the colicin gene and by moving the entire colicin operon to novel plasmid backgrounds. For example, in pColJs, the sequence flanking the colicin Js sequence resembles that of pPCP1, a pesticin-encoding plasmid from Yersinia pestis, while the remainder of the plasmid is 95% similar to pColE1 isolated from E. coli (30) . Klebicin B, a colicin-like plasmid isolated from Klebsiella pneumoniae, appears to have undergone recombination both in the plasmid backbone and in the bacteriocin gene (27) . The similarity of DNA sequences flanking the operon to sequences from pColA and pColE9, from E. coli, and from pyocin S1 on the chromosome of Pseudomonas aeruginosa suggests that the klebicin B operon is a chimera whose history involves movement from a colicin A-like plasmid into a Klebsiella-specific plasmid backbone and at some point acquiring a colE9/pyocin S1-like killing domain and immunity gene. Evidence of domain swapping is seen frequently in colicin genes; for example, colicins Ia and Ib share translocation and binding domains but contain different killing domains (34) . Perhaps the most striking illustration of this form of functional diversification is the case of colicins 5, 10, and K, where the binding and translocation domains of colicin 5 are nearly identical to those of col10 whereas its killing domain is virtually identical to that of colK (17) .
Alveicins A and B show evidence of several recombination events that have brought together two novel binding domains with translocation and killing domains similar to those seen in colicins. The amino-terminal translocation domains of alveicins A and B are similar to the Tol-dependent translocation domains of colicins E2 to E9 and cloacin DF13 (1, 4, 8, 14, 16, 31) . A protein alignment of the translocation domains of these bacteriocins illustrates that the alveicins contain regions of sequence identity unique to both the E colicins and DF13 (Fig.  3) . This pattern of sequence similarity suggests that either the alveicin genes have recombined in turn with DF13 and a member of the E group of colicins or they have exchanged sequence with an as-yet-unidentified recombinant of these two subgroups of bacteriocins.
The regions indicated no significant protein or nucleotide sequence similarity to any known sequence. This, coupled with the narrow killing spectrum of these bacteriocins, suggests that the bacteriocin attachment site may be an outer membrane protein specific to H. alvei. The binding domains are unusually short, making alveicin B, at 358 amino acids (aa), the smallest poreforming bacteriocin yet discovered and alveicin A (408 aa) the third-smallest pore former, behind colN (389 aa) (20) . Poreforming colicins usually range from 490 aa for colB to 619 aa for colicins U and Y (25, 29) .
The carboxy-terminal killing domains and immunity genes of alveicins A and B are very similar to each other and are related to the colicin Ia and Ib killing domains and immunity genes (13) . A phylogeny constructed using the killing domains of known pore formers demonstrates this relationship and further suggests that these four killing domains (those of colicins Ia and Ib and alveicins A and B) form their own monophyletic group (Fig. 4) . None of the bacteriocin operons in this group are known to contain lysis genes.
Pairwise sequence comparisons of colicins that are believed to have experienced diversifying selection reveal a characteristic pattern of nucleotide substitution (34) . Repeated rounds of positive selection will result in the accumulation of a disproportionately high ratio of nonsynonymous to synonymous nucleotide substitutions in the immunity gene and the carboxyterminal killing domain of the colicin gene. The nucleotide substitution patterns seen in pairwise comparisons of colicins E3-E6, E2-E9, and U-Y best fit this model of colicin evolution (22, 25) . This is demonstrated graphically in a sliding-window analysis of colicins E2 and E9 (Fig. 5A) . Applying the same analysis to alveicins A and B demonstrates that the pattern of nucleotide substitution in the alveicin killing and immunity binding domains is inconsistent with the diversifying-selection model (Fig. 5B) . The substitution pattern in the binding domains of the alveicins is what one would predict if recombination in this area had resulted in nonhomologous binding domains. Standard statistical tests for deviation from a neutral evolution model, such as the HKA (7) or MK (15) test, were not applicable because of the nature of our data. All five of the pAlvA plasmids are identical at the nucleotide level, and we have identified only one strain that carries pAlvB. Application of Tajima's test (33) to the nucleotide sequence alignment of the killing domains of all six genes was unable to reject the null hypothesis of neutral evolution (D ϭ Ϫ1.2497, with P Ն 0.1). It should be mentioned, however, that Tajima's test depends on several assumptions that our data most likely violate, such as the equal mutability of all nucleotide sites.
We decided to investigate whether the homologous regions of the alveicin operons were diverging from each other at approximately the same rate as other genes carried on their plasmids. Table 4 contains the nucleotide diversity estimates for all of the identified ORFs in pAlvA and pAlvB. Excluded from this comparison are the recombined binding domains of the bacteriocin genes, the 3Ј 767 nucleotides of mobA, and the genes contained therein (mobB and mobD). The former were excluded because this type of analysis is meaningless for nonhomologous sequences, and the latter were excluded because we wished to avoid statistical artifacts introduced by the presence of multiple overlapping reading frames. Comparisons of levels of polymorphism between the alveicin killing domain and the plasmid maintenance genes using a 2 test indicate no significant differences in the levels of segregating polymorphisms among these genes (0.2 Ͻ P Յ 1). The same analysis was done for the immunity genes, and it indicated that their levels of polymorphism did not deviate significantly from those of plasmid maintenance genes (0.05 Ͻ P Ͻ ϭ 0.1). These results, taken in conjunction with the results from Tajima's D Evidence of rapid horizontal movement of alveicin plasmids. In the case of pAlvA, we found it striking that isolates collected from different hosts and geographic regions (collected ϳ1,600 miles apart) would contain absolutely identical plasmids (Table 1). This would imply that there is rapid intraspecies horizontal movement of the plasmid and/or that the plasmid is carried by an exceptionally fit strain of H. alvei that is able to invade and selectively sweep through local populations. To determine the extent to which each of these scenarios is most likely responsible for the high incidence of pAlvA-containing isolates, we examined the levels of nucleotide polymorphism in housekeeping genes in some of the isolates. As part of an earlier study, portions of six housekeeping genes were sequenced from the same collection of Australian enteric bacteria (38) . Although H. alvei isolates were found to be generally more clonal than other enteric species, such as E. coli, pairwise sequence comparisons of H. alvei isolates carrying pAlvA indicate polymorphisms in all of the housekeeping genes examined with the exception of gyrA. The fact that we were unable to identify a single polymorphism in the five pAlvA plasmids we sequenced suggests that either the plasmid is evolving more slowly than chromosomal housekeeping genes or pAlvA is moving horizontally through the population at a rate which is rapid compared to the rate at which nucleotide substitutions accumulate. The latter seems more likely, especially given the amount of invariant noncoding sequence in pAlvA.
As more bacteriocins from diverse enteric species are characterized, more pieces of their evolutionary puzzle fall into place. The picture that is starting to emerge is one in which colicin-like bacteriocins are composed of functional modules drawn from natural plasmid libraries, where one of the functional modules is the plasmid backbone itself. If recombination between functional modules occurs via homologous recombination, as is suspected, then there would have to be a conserved universal interdomain sequence in which recombination occurs or there is a "linkage network" connecting subsets of modules that can recombine with each other. There is no evidence for the existence of a universal conserved sequence between domains. If such a linkage network exists, then the central receptor binding domain would govern which killing domain could be associated with a given translocation domain. Additional research in this area is necessary to determine the sizes and compositions of these module libraries, as well as the linkage relationships between specific families of modules, if any exist.
